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4 SniPLIPIED APPROACH 



TO LOu HEICHT DETERMINATION 
SUIMARY 

In this report a method of height determi- 
nation using ground reflected energy is analyzed 
and the results of relevant tests performed are 
reported and discussed. The approach considered 
differs from conventional radio altimetry in that 
time delay measurement is not employed. The 
simplicity of req.uired equipment suggests the 
likelihood of space, weight, and power consumption 
savings . 

As the primary result, it is shown that an 
oscillator’s frequency may he related to the 
separation between its load antenna and a re- 
flecting surface toward which it is radiating. 

The resulting relationship is periodic with the 
frequency alternately deviating positively and 
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negatively about a center value. The center 
frequency occurs at quarter wave length intervals 
in antenna-to-reflecting surface separation. The 
height information available is less tiian that 
obtained from a conventional radio altimeter, but 
it may be usefiil in some applications. 

The content of this report consists of the 
thesis of a student in the Diploma course at the 
Gollege of A.eronautics, Granfield, England. 
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The College of Aeronautics 
Cranfield, England 



13 July 1962 



I'rom: LT Charles P. Gerhan, Jr., USW. 

To: Superintendent, U. S. Naval Postgraduate 

School, Monterey, California. 

Suhj: College of Aeronautics Thesis, Submission of 

1. In accordance with Naval Postgraduate School 
instructions for officers studying at other insti- 
tutions, two copies of the thesis prepared by this 
officer in connection with the Diploma course at the 
College of Aeronautics are submitted. The second 
copy was prepared for further transmittal to the 
Bureau of Naval Weapons as required. 

2. The work reported in this thesis entailed a com- 
bined theoretical and experimental investigation of 
the fundamental practicability of a method of height 
determination based on antenna admittance changes 
and frequency pulling. The work was performed with 
the facilities and guidance of the Department of 
Electrical and Control Engineering, College of Aero- 
nautics, Cranfield, England. 

3. The investigations indicated that such a method 
would be feasible in situations where a requirement 
exists only for height error information from some 
predetermined level, rather than continuous height 
information. The investigations also showed the 
relative importance of several system parameters, 
and the report describes the consideration which 
ought to be given these in a practical system design. 

4. After consideration of this thesis and the re- 
lated oral examination, as well as written examina- 
tions on the course xmdertaken, an assessment of t'NO 
was made by the College Senate and the Diploma of 
the College of Aeronautics was awarded. 
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A. SIMPLIFIE'J APPRO ,\0H 
TO LO<¥ HEIGHT DETERMINA.TION 

3WiA.RY 

In this report a method of height determi- 
nation using ground reflected energy is analyzed 
and the results of relevant tests performed are 
reported and discussed. The approach considered 
differs from conventional radio altimetry in that 
time delay measurement is not employed. The 
simplicity of req\iired equipment suggests the 
likelihood of space, weight, and power consumption 
savings. 

As the primary result, it is shown that an 
oscillator’s frequency may be related to the 
separation between its load antenna and a re- 
flecting surface toward which it is radiating. 

The resulting relationship is periodic with the 
frequency alternately deviating positively and 
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negatively about a center value. The center 
frequency occurs at quarter wave length intervals 
in antenna-to-reflecting surface separation. The 
height information available is less than that 
obtained from a conventional radio altimeter, but 
it may be useful in some applications. 

The content of this report consists of the 
thesis of a student in the Diploma course at the 
College of Aeronautics, Granfield, England. 



I( 







A. SIkPLIFIED APPRO A.GH 



TO LO>V HEIOHT DETSRI'ONATION 



INTRODUCTION 



Operators of airborne vehicles ordinarily 
obtain height information by electronic means 
from a class of eqiiipment called radio or radar 
altimeters (Ref. 1). Such devices, also known 
as absolute altimeters or terrain clearance indi- 
cators, provide a continuous indication of sepa- 
ration between the vehicle and the underlying 
terrain. The technique employed is measurement 
of time delay between radiated and reflected 
energy parcels, either by pulse or frequency 
modulation and comparison. Typical performance 
specifications of such equipment include a range 
of operation from zero to 5000 feet with an 
accuracy of plus or minus three per cent but not 
less than one foot at low heights. Such equipment 
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commonly consixrnes a power of two or three hundred 
watts and weighs about forty pounds, A.1 time ter s 
of this class have proved entirely satisfactory 
for general air navigation applications on air- 
craft large enough to support the physical re- 
quirements of the equipment. 

For some limited applications, such as the 
low height determination of a light airborne 
vehicle, it is likely that the conventional radio 
altimeter becomes inefficient, in that it is 
capable of supplying more information than is 
needed, and does so at the expense of a relatively 
large requirement in space, weight, and power 
consumption. The simplified approach to low 
height determination investigated in this thesis 
is an attempt to extract a limited, but for 
certain applications sufficient, amount of height 
information from a simpler device. As mentioned, 
the usual radio altimeter utilizes reflected 
energy for time delay measurement. The approach 
considered here uses the dependence of antenna 
input impedance upon this gro-und reflected 
energy. Resulting impedance changes appear as 
load changes to the radio-frequency generator 
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employed in the system. Such load changes in 
turn affect the frequency of the generator, so 
that the frequency provides an analog to the 
vehicle height above ground. Since only an 
oscillator, an anterma, a frequency discriminator 
and connecting cable are required, it is felt 
that the possibility of space, weight, and power 
savings is present. 

The scops of this work includes an analysis 
of the phenomena involved and tests of an exper- 
imental apparatus employing these principles. 

The tests conducted were fundamental, since no 
previous work on a system employing these prin- 
ciples was found. 

There were two underlying purposes of the 
investigations conducted in connection with this 
thesis. The first purpose was to determine the 
extent to which the results obtained by a prac- 
tical application of this approach to low height 
determination differed from the form of results 
predicted by the theoretical considerations 
which are to be discussed. This would include 
the observation of discrepancies due either to 
primary effects not considered or higher order 
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effects which were ignored in the analysis. The 
second purpose vras to gain some familiarity with 
practical considerations relating to the design 
of such a system for operational use. 

The work was conducted as a Diploma student’s 
thesis in the Department of Electrical and Oontrol 
Engineering, The College of Aeronautics, 

Or 'infield, England. 
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T\’'LE OF 3YI«B0L3 



\ 


Capacitor disc area; square inches. 


a 


Depth of rectan^lar section transmission 
line; meters. 


B 


Susceptance normalized to 50 millirahos. 




Susceptance; mhos (imaginary part of y). 




Capacitance; farads. 


c . 

air 


Velocity of propagation in air; approxi- 

3 

mately 3 x 10 meters per second. 


^cable 


Velocity of propagation in cable; meters 
per second. 


d 


Capacitor plate separation; inches. 


dfl 

line 


Reciprocal rate of change of electrical 
phase on feeder line with frequency; 
megacycles per second per radian. 


o 

CO 

o 


Rate of change of oscillator frequency 
with electrical phase of load; megacycles 
per second per radian. 


e 


Voltage measured between accessible 
terminals; volts. 


f 

n 

'JT 


Frequency; cycles per second. 
Conductance normalized to 50 millimhos. 


S 


Conductance; mhos (real part of y). 
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X . 
air 

\;able 

M 



Height above groimd; inches. 

Height above ground; fractional wave 
1 engths , 

Current in a circuit; amperes. 

Square root of -1. 

Inductance; henries. 

Length of cable; meters. 

Resistance; ohms (real part of z). 
Reactance; ohms (imaginary part of z) 
Admittance normalized to 50 millimhos 
Admi 1 1 anc e ; mhos. 

Characteristic admittance of 
transmission line; mhos. 

Impedance; ohms. 

Characteristic impedance of 
transmission line; ohms. 

Line attenuation constant; nepers per 
meter . 

Finite increment in prefixed quantity 
Relative permittivity. 

Wave length in air; meters. 

Wave length in cable; meters. 
Permeability; henries per meter. 
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1 , 2 



Voltage standing wave ratio; 

voltage minimum . q ^ P ^ 1 
voltage maximum ’ r 

Conductivity; mhos per meter. 

Electrical phase angle of standing 

wave pattern along feeder cable; 

referred to zero at oscillator 

terminals, positive sense toward 

oscillator; radians (tt radians per 

half wave length). 



SUBSCRIPTS 

Load parameters. Conditions at input 
end of short circuited transmission 
line . 

Denotes particular ports in linear 
two-port analysis. 
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THEORY 

This approach to lov; height determination 
entails a means of relating height changes to the 
oscillating frequency of a radio-f requency gener- 
ator v/hose energy is directed toward the ground. 
Two discrete phenomena are involved. First, 
because of any changes in the distance to the 
ground, the phase and magnitude of reflected 
energy returned to the antenna varies, causing 
a periodic change of antenna input impedance or 
admittance as a function of height. Second, the 
impedance or admittance of a load driven by an 
oscillator determines, to an extent dependent 
upon the coupling, the parameters of the oscil- 
lating circuit and its frequency. Changes in 
that load will cause the oscillator frequency to 
shift (to be "pulled") by some amount depending 
on the amount of the load admittance change and 
the coupling. These phenomena are linked and 
made compatible with the desired height-frequency 
relationship by means of the length of feeder 
cable connecting the oscillator to the antenna. 

To achieve a fundamental insight into the 



periodic change of an antenna’ s admittance over 
the ground as its height changes, the ideal case 
of the infinitely thin half wave dipole over a 
perfectly conducting plane reflecting surface 
will he considered. Changes of admittance rather 
than of impedance are chosen so that some com- 
parison v/ith experimental results v/ill he possihl 
since the equipment used made admittance meas- 
urements more convenient. In the experimental 
system investigated, ideal elements were, of 
course, not employed. The actual antenna used 
was not a thin dipole for reasons of experimental 
flexibility, and the real earth was used as a 
reflecting surface in order to make predictions 
about the operational practicability of such a 
system. 

The behavior of the infinitely thin half 
wave dipole antenna in the vicinity of a per- 
fectly conducting plane reflecting surface can be 
determined by considering the equivalent system 
of the same antenna and its image in free space 
(Ref. 2). The image must be oriented so as to 
satisfy the boundary condition requiring a 
vanishing tangential electric vector component 
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at the reflecting surface. This is achieved in 
the case of the horizontal dipole by an image 
dipole of equal length and orientation, displaced 
from the original antenna by twice the height 
above the reflecting plsne and cari’ying an oppo- 
sitely directed and equal current distribution. 

This arrangement is shown in Pig. 1. In the 
case where the real earth is the reflecting sur- 
face, an image system can still be valid, pro- 
viding an appropriate change in the image 
antenna current distribution is made to account 
for the admittance of the earth. The further 
development of ideal antenna input admittance 
changes as a function of height involves the 
derivation and computation of expressions for 
the mutual admittance between the image and real 
antennas as a function of distance between 
them (2h). The results are periodic variations 
of the real (conductive) and imaginary (susceptive) 
parts of antenna input admittance as functions 
of height with amplitudes and phases as shovm in 
Pig. 2. A more complete development is presented 
in Appendix I. 

The dependence of oscillator frequency upon 
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load and coupling is explained in iDasic references 
on electronics (Ref. 3). In Appenoix II the 
particular case of a tuned circuit v/ith capac- 
itor coupled complex load as used in these exper- 
iments is discussed. The relationship can be 
shOTO graphically in the form of a Rieke diagram 
for any particular oscillator and coupling com- 
bination. In such a presentation, contours of 
constant frequency and power output appear as 
functions of load for all possible combinations 
of complex load admittance. A number of such 
diagrams are presented in the results of this 
investigation for the particular oscillator 
employed. 

Two main considerations dictate the choice 
of feeder length. The antenna in free space 
will have some definite value of input admittance 
depending on the geometry of the antenna, the 
driving frequency, and the characteristic admit- 
tance of the feeder transmission line. There 
will in general be a standing wave pattern on 
the line. Admittance then varies periodically 
along the line depending upon the point at which 
measurement is made, but repeating its values at 



half wave len^^th intervals. Thus the feeder must 
he cut to some integral number of half wave 
lengths plus that fraction of a half wave length 
determined by the difference between the antenna 
free space admittance at operating frequency and 
the admittance required at the oscillator termi- 
nals to produce that operating frequency according 
to the Rieke diagram. The integral number of half 
wave lengths of feeder used are chosen based on a 
different consideration. There is a mutually 
repetitive relation between electrical feeder 
length and frequency in this system, since any 
perturbation in frequency will cause a change of 
electrical feeder length resulting in a different 
admittance at the oscillator, hence a further 
change in frequency. '.Vhether this is stable or 
not depends on the rate of change of oscillator 
frequency with electrical phise of the load pre- 
sented to its terminals as compared with the 
reciprocal rite of change of electrical phase 
on the line with frequency (Ref. 4). Fig. 3a 
shows the case ¥;here the combination is stable, 
as well as the effect of a change in load due to 
movement of the antenna to a new height above 
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the ground. Fig. 3h shows the 'unstable case in 
v/hich the line is so long that splitting or 
jumping between two preferential frequencies 
occurs. Since electrical phase on a transmission 
line is given by; 



0 = 



2TT fl 



( 1 ) 



cable 

the rate of change of phase with frequency is 



Ml 

d^ii 



line 



2~TT1 

cable 



( 2 ) 



This is directly dependent on the physical length 

of cable. For maximum p'ulling effect v;ithout 

splitting, it is desirable to choose an integral 

nvunber of half wave lengths to give a slope, 
df 






■ 3^1 , just greater than that of the oscillator 

line 

pulling curve at the operating frequency, as in 
Fig. 3a. 

Thus it can be predicted that the result of 
coupling the antenna, which is a height- to-, 
admittance transducer, to the oscillator, which 
is an admi ttance- to-frequency transducer, 
through the properly selected feeder, which is 
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an admittance change imoltiplier, will be a fre- 
quency shift directly related to height changes. 
This, it is expected, will be the key to providin 
useful hei;;ht information in a simplified, 
reliable manner. 



.\PPAR\TUS 



The equipment involved in this investigation 
consisted of the components of the experimental 
system being examined, the test apparatus re- 
quired for determining frequency and admittance, 
an infinitely variable test load, and the arrange- 
ments necessary for supporting the antenna over 
the groaind at various heights. 

The antenna was chosen to permit maximum 
flexibility in oscillator characteristics, and 
to be sufficiently directive that the effect of 
nearby surfaces other than the ground directly 
under it would be kept small. A. partia.lly com- 
pleted suppressed antenna with resonating box was 
made available from a Sv/ift aircraft being 
scrapped locally. This antenna was known to 
have been designed for the frequencies in the 
neighborhood of 200 megacycles, a band which was 
desirable from the point of view of having a 
height range between zero and two or three v/ave 
lengths above the groimd available conveniently . 
Construction of the center element and feed 
point and mounting in a grovind plane were necessary 





I 



to complete the antenna. The desired result was 
to obtain a wide ra-nge of operating standing wave 
ratios over a hand tunable by a single reasonably 
stable oscillator. Thus to match a given oscil- 
lator characteristic, a wide range of height 
related phase changes would be available depending 
upon the operating frequency selected. For con- 
venience in matching ?/ith test equipment, a 
feeder characteristic impedance of 50 ohms was 
desirable. The lead between the tap point to the 
active elements and the cable connector was 
therefore made with Uniradio 67 cable, a 52 ohm 
line. The tap point and center element width 
were selected arbitrarily, with later modifica- 
tions envisaged if required to obtain the desired 
characteristics. Pig. 4 shov/s the inside of the 
resonating box and the back of the antenna with 
the box cover removed. Pig. 5 illustrates the 
radiating side of the antenna. 

The oscillator was designed based upon a 
Mullard QQV 03-20A. twin tetrode tube which was 
known to be capable of reasonably good power 
output in the frequency band considered. Push 
pull operation v/ith timed anode and tu_ned grid 
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Leoher lines was employed. Provisions were made 
for tuning by effectively lengthening the lines 
with adjustable parallel capacitance or shortening 
them with movable shorting bars. Unbalanced 
coupling to the load was made through an adjust- 
able capacitor connected to one side of the anode 
line near the tube anode pin, that being approxi- 
mately a voltage maximum, A. coupling probe was 
used to obtain a fixed loose coupling as a pick- 
off for frequency measurements. The tube elec- 
trodes were all kept in a floating TIP condition 
by the use of hand wound chokes, A separate 
regulated laboratory power supply was used for 
the filament and anode voltages so that the anode 
voltage could be varied as desired to alter the 
level of power output. G-rid bias was controlled 
by a po tentiometer and 20 pf. capacitor in 
parallel in the grid circuit. Computations in- 
volved in the oscillator design are shown in 
Appendix III. Since the chosen tube was designed 
as a neutralized amplifier, and not as an oscil- 
lator, it was found necessary to increase the 
anode to grid feedback by crossover capacitive 
connections in order to obtain sufficiently 
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reliable oscillations 



This was the main reason 



for the adjustable shorts on the lines. The 
original design provided for capacitive tuning 
over the entire desired frequency range. The 
added feedback capacitance effectively lengthened 
the lines, requiring the introduction of shorting 
bars to compensate. The oscillator is shown in 
schematic diagram in Fig. 6 and in a photograph 
in Fig. 7 . 

The feeder used v/as Uniradio 67 > a 52 ohm 
coaxial line with a seven strand, .029 inch 
copper inner conductor. Since the dielectric 
constant was not known, preliminary impedance 
measurements of a fixed short circuited length 
were made at several frequencies, giving a rela- 
tive dielectric constant of 2.26. This suggests 
that the cable was polyethylene filled, an obser- 
vation substantiated by inspection. 

\ block diagram of the arrangement and 
electrical relationship of the components of the 
system tested is presented as Fig. 8. It is seen 
that an unspecified frequency indicator forms an 
inherent part of the system. In an operational 
system this function wotild be performed by a form 
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of discriminatoi*, probably having a b.C. output 
analogous to the antenna height changes. 

For experimental frequency and relative power 
measurements an A.irmec Type 243 >7ave Analyser w^,s 
connected to the loosely coupled probe on the 
oscillator. The 7/ave Analyser is a highly selec- 
tive superheterodyne receiver with both audible 
and meter output level indications. The latter 
is calibra,ted and incorporates adjustable atten- 
uators, so that an output level range of 0-77 
decibels is measurable with a sensitivity of plus 
or minus 1.5 decibels. The receiver is tunable 
so that by previously calibrating the logging 
scale, frequencies between 192 and 224 megacycles 
may be read with an accuracy of plus or minus one 
logging scale division. This was equivalent to 
plus or minus 40 kilocycles in the frequency 
range considered, or readings accurate to the 
nearest tenth of a megacycle. The logging scale 
was calibrated against signals from an 4irmec 
Signal Generator. Signals were taken only at the 
crystal check points on the Signal Generator. 

These were spaced at eight megacycle intervals in 
this frequency range. Plotting these frequencies 
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against logging scale readings on the w'ave 
,\nal 5 '-ser produced the linear relation shown in 
Fig. 9. Hence line ^-r interpolation was ass\jmed 
possible, 

idmittance measurements v/ere made using the 
General Radio Type 1602 Admittance Meter, an 
extremely versatile and useful piece of equipment. 
Fluid ament ally this meter connects the •unknovm 
load in parallel v/ith a 20 millimho standard con- 
ductance and a standard susceptance consisting of 
an adjustable calibrated stub. The use of a stub 
as a susceptance standard makes the meter’s per- 
formance independent of frequency. Variable 
loops couple each of the arms in parallel into a 
detector arm. The couplings are adjusted until a 
null is detected, and the positions of the 
coupling loops are calibrated directly in millirnhos 
admittance. To permit this direct calibration, 
all the equipment associated with the meter is of 
50 ohm characteristic impedance (20 millirnhos 
admittance). This \vas the reason for choosing the 
52 ohm feeder as previously described. Ancillary 
equipment includes two butterfly type unit oscil- 
lators, one used as a generator, the other as 
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local oscillator in the detector circuit; a 
crystal detector and 45 megacycle I.P. amplifier 
(Sanders type I.P. 5, serial 003) having meter 
output level indication. Mso several fixed 
and adjustable 50 ohm air lines and stubs, short 
and open circuit terminations, aind numerous com- 
patible General Radio connectors were provided 
with the equipment and used in connection with 
these tests. 

In determining the oscillator characteristics 
a standard, frequency independent, infinitely 
variable complex load was required. This was 
obtained by the parallel connection of a standard 
20 millimho conductance and an adjustable 20 
millimho characteristic admittance short cir- 
cuited stub, the combination fed by an adjustable 
section of 20 millimho air line. In terms of 
load position on the Smith Chart, the locus of 
the admittance referred to this parallel connec- 
tion wras a circle coincident with the unity 
normalized conductance circle. Adjustment of the 
stub produced any desired point on this circle, 
thereby fixing the standing wave ratio. Adjust- 
ment of the feed line length then determined the 



phase ijosition of the load on the standing wave 
circle of constant radius passing through the 
point set on the first circle. Thus the stub 
setting determined standing wave ratio, and the 
line length set the phase of the load, giving in 
combination any desired value of complex load. 
This adjustable load connected to the G-eneral 
Radio A.dmittance Meter is shown in Fig. 10. 

The antenna was suspended from a wooden 
beam constrn.cted by the Works Department of the 
College. The beam was approximately 14 feet 
above ground level. Suspension was by means of 
polyvinyl chloride covered sisal line passing 
over a fiber pulley. Metallic components were 
avoided v/herever possible in the suspension rig. 
The suspension line was calibrated directly in 
inches of the antenna radiating face above the 
solid earth surface, a calibration which was re- 
checked at each test to ensure that no line 
stretch or beam bending had occurred. The only 
obstacle other than the reflecting earth in the 
near vicinity v/as the building wall (clay brick) 
which was at constant distance from the antenna 
of 12.5 feet, always greater than the antenna- 
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grotind distance except at the two extreme height 
points tested. The earth was level packed moist 
soil with an even growth of grass at a dormant 
winter hei-^ht of 1.5 inches. The antenna and 
support are shown in Fig. 11 viewed from the 
ground. In Fig. 12 is the supported antenna as 
seen from above. For one test a group of five 
■b\mdles of stake fence pickets, each stake meas- 
uring about 1.5 inches in diameter and a,veraging 
50.5 inches in height, was placed in the area 
under the antenna, as shown in Fig. 1J>, to pro- 
vide a disruptive reflecting surface. The 
pickets were joined together by baling wire at 
one-third and two-thirds their heights to make 
five discrete biandles when rolled. 
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E'CP s]RIFEFT \L PilO )ET;U'?E 

Tests .vere first made on the components 
alone, the oscillator and the antenna, to deter- 
mine their individual characteristics. Knowing 
these, the required length of feeder was then 
calculated and the system performance as a 
whole investigated. 

Using the previously described variable 
complex load, the Rieke diagram of the oscillator 
under several different conditions was obtained. 
Frequency and relative power under the various 
conditions of load were measured on the A.irmec 
Wave Analj^ser. Since the actual value of the 
load depended on its physical configuration and 
its frequency, the configuration was noted for 
each reading and the actual value of the load in 
conductance and susceptance later determined at 
the appropriate frequency on the admittance meter. 
The value of the load was not very sensitive to 
frequency changes of the order obtained in 
testing this oscillator. The effect of coupling 
changes was investigated "oy obtaining the Rieke 
diagram is above for three different settings of 
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the couplins c ri-pacitor. The effect of tuning the 
oscillator wis similarly determined hy tuning for 
several different center freq_uencies (at matched 
load conditions, Y = 1 + jO) and obtaining Rieke 
diagrams at each. It was decided to operate the 
oscillator near the minimum anode voltage wnich 
would permit stable operation. In this way any 
adverse effect of lov/ power output could be noted. 
Further, if it were liter desired to use a short 
length of feeder requiring mounting the oscillator 
at the antenna and operitj.rig it with battery power, 
low anode voltage would be advantageous. There- 
fore an anode level of 120 volts v/as chosen. 

.7ith the intention of later comparing this 
oscillator's performance with tnat of some com- 
mercial product, the Rieke diagram pulling char- 
acteristics of one of the General Radio unit 
oscillators (serial number 1677) were also deter- 
mined in the same manner. 

In testing the antenna, it was first necessary 
to determine its characteristics in something 
resembling free space conditions. A wooden 
floored scaffolding which was in place outside the 
window in connection vdth erecting the antenna 
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suijport 'beam was used for this purpose. The 
antenna was placed on the wooden flooring v/ith 
its radiating face directed outv.’ard and upv/ard 
from the building and scaffolding. The nearest 
obstacles were trees and buildings, 50 degrees 
offset from the normal to the antenna’ s radiating 
face and at least 100 yards distant. The antenna 
admittance was measured at five megacycle inter- 
vals from 180 to 240 megacycles using the admit- 
tance meter. The total line length, including 
feeder and adjustable air line was first set to 
an integral number of half wave lengths as 
established by repeating a known termination at 
the meter. In this way the antenna's measured 
admittance was referred to a point at the cable 
connector . 

Knowing the test oscillator’s pulling 
characteristics from the preceding tests and the 
range of standing wave ratios which the antenna 
was able to present from the free space tests, 
feeder line length calculations v\rere made. The 
antenna admittance over the ground as a function 
of height was then measured at three inch inter- 
vals and a frequency of 212.5 megacycles. This 
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freq^uency corresponded to a VSVi® which was 
expected to give the desirable pulling effect 
without unstable oscillator operation as deter- 
mined bj'' the line length calculations. These 
calculations are presented in Appendix IV. 

Minor line length corrections were made to 
present the desired admittance to the oscillator 
terminals according to the admittance meter. The 
amount of standing wave ratio improvement at the 
input due to line attenuation was noted. The 
oscillator and antenna were then connected by 
means of the feeder (and the short length of 
adjustable line which was allowed for in the cal- 
culation). The oscillator was tuned with the 
antenna at a height of 124 inches, or 2.23 X, 
giving, according to the earlier tests of admit- 
tance, the asymptotic free space admittance in 
a region where fluctuations due to height change 
were a minimum. The tests of frequency as a 
function of height were then conducted, using the 
Airmec '.Vave Analyser for frequency indications. 
These were repeated for verification on separate 
days, and were made under lov/ wind conditions 
when antenna motion was the least. Further 
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si.nilar tests were made at an operating point 



(with reduced anode voltage); over the disruptive 
reflecting surface (stakes); and with the General 
Radio oscillator. No peculiarities of the 
procedure employed were expected to affect the 
reliability of the results obtained. 




half povi^er output 



RESULTS AK.1) DISCUSSIONS 



The behavior of the antenna in "free space" 
tests in its initially completed form is shov/n 
as a curve representing admittance referred to 
the tap point as a ftinction of frequency on 
Smith chart coordinates in Pig. 14* Results from 
which this figure was drawn are presented in 
Table I. The admittance with reference to the 
tap point was obtained from that measured with 
reference to the cable connector by correction 
for the electrical length of feeder inside the 
antenna’s resonating box between the two points. 
This was determined experimentally at one fre- 
quency. The antenna tap point was short circuited 
and the admittance at the meter was then measured 
with an integral number of half wave lengths of 
feeder inserted between the meter and the cable 
connector. The electrical length of cable between 
this admittance and the infinite admittance of the 
short circuit was next read directly from the 
Smith chart and corrected proportionately for 
operation at each of the other frequencies tested. 

The antenna performance, according to Pig. 14, 
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appeared satisfactory for the purj^oses of this 
experiment. Operation over a wide range of 
standing wave ratio within a physically useful 
frequency bandwidth was observed, including values 
of YS'NR from 0.2 to 0.8 for frequencies between 
202 and 234 megacycles. 

From inspection of Pig. 14 it was possible 
to select operating points presenting a range of 
voltage standing wave ratios to the oscillator. 
Accordingly a set of representative antenna FSVR’s 
of 0.3, 0.5, and 0.7 was chosen. These were, 
from Fig. 14, equivalent to operating frequencies 
of 207, 210, and 212,5 megacycles respectively. 

The oscillator v;as tuned to each of these center 
frequencies in turn with a matched load connected, 
and the Rieke diagram, or pertinent part thereof, 
was obtained as previously described. The effect 
of coupling variation was also examined at the 
center frequency of 210 megacycles by obtaining 
the frequency contours of the Rieke diagram at 
three discrete settings of the coupling capacitor. 
For all other tests the mid-setting of one turn 
open v/as used for this capacitor. Results of the 
pulling test are listed in Tables II, III, and 17 
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and presented -1,3 Rieke dia^r xms in Pi 5s. 15, 16, 
and 17 . 

The effect of viriable couplin.5, which was 
considered in the tests to which Pij. 16 applies, 
was primarily a rotation of the entire diagram 
due to the effective alteration of line length to 
the load as more or less capacitance was added. 
Mthin the r^nge of capacitance change available 
the effect of reduced coupling on stability may 
also be observed. The frequency contours are more 
v/idely spaced at lower values of coiipling. Power 
contours and experimental points are omitted from 
Pig. 16 to improve claritjf. 

Pig. 17 is drawn on a larger scale Smith 
chart since, at the frequency considered, only 
the higher standing v;ave ratios are possible vdth 
the intended antenna load. \ comparison of Pigs. 
15, 16, and 17 shows that tuning this oscillator 
over the band of frequencies considered has little 
effect on the shape of the Hieke diagram contours 
and the oscillator’s pulling char ic teristics . 

In analysis of the pulling characteristics 
in order to determine feeder length and operating 
point for the complete system v/as next carried 
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out. \ graph of the form of Pig. 5 was obtained 
from the information contained in the lieke dia- 
grams. This graph, appropriate to the center 
frequencies of Pigs. 15, 16, and 17 > is presented 
as Pig. 18. It is seen that the form of the 
function is the periodic variation of frequency 
with phase at the oscillator. The amplitude of 
this function is dependent upon the voltage 
standing wave ratio. It is apparent that the 
greater frequency shift is obtained with the 
smaller VS;/R. The shift must not, hov/ever, be 
great enough to permit unstable operation 
(splitting) with the shortest physically useful 
cable length. Por the case of the VSWR of 0.5, 
the rate of change of frequency with phase. 
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-^1 , at the oscillator is 5.7 megacycles per 

radian at the center frequency, limiting the line 
length to about 5*5 meters. Since it v/as desired 
to install the antenna at the end of the support 
rig provided, and to retain the oscillator on the 
test bench, this length proved unsatisfactory. 

The same was true at the operating point where the 
VS’.VR v/as 0.5. Consequently the high frequency 
operating point was selected. 
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The chosen point provided an antenna YSifR of 
0.7 at a frequency of 212.5 megacycles. The 
oscillator pulling slope was 2.3 megacycles per 
radian. The feeder line length appropriate to 
these conditions was calculated as illustrated in 
Appendix IV. The exact length of feeder was 
made subject to alteration by including a section 
of adjustable air line in the feeder calculations. 
This permitted adjustment of the operating 
conditions at will. 

Antenna admittance over the ground at the 
chosen operating frequency was next investigated. 
Since the use intended for this phenomenon was 
the pulling of the oscillator, it was decided 
to refer this admittance to the oscillator output 
connector. This was expected to permit direct 
correlation with the frequency-height relation 
to be obtained later. Furthermore, comparison 
between these tests and the oscillator Rieke 
diagrams was possible, since both v/ere referred 
to the same datum. This dat^um was established in 
the equipment by adjusting the feeder length to 
obtain the desired operating admittance shown 
in Pig. 17 at the generator end with the antenna 



in free space conditions. 

The results of the admittance measurements 
over the ground are indicated in Table V and 
plotted in conductive and susceptive components 
in Fig. 19 ♦ From this plot the graph of Fig. 20 
showing the same relationship on Smith chart 
coordinates was constructed. 

A. comparison of Figs. 2 and 19 shov/s that 
the result predicted by theory for a thin half 
wave dipole over a plane reflecting surface was 
closely realized in the case of this practical 
directive antenna over the real earth. Similar 
admittance-height functions, periodic with 
quarter wave length intervals, and having de- 
creasing amplitudes with height, apply to both 
cases. It was therefore concluded that the 
experimental arrangements were sufficiently free 
from spurious effects to permit a meaningful 
test of the expected frequency-height relationship. 

This work completed the examination of the 
performance of each of xhe components which were 
to make up the system. No significant deviations 
from the expected characteristics had been 
observed. The remainder of the experimentation 
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dealt, therefore, with tests of the operation and 
performance of the assembled system. It should 
be stated at this point that the term "system" 
refers only to the skeleton laboratory arrange- 
ments made for examining the validity of this 
approach to low height determination. In par- 
ticular the oscillator employed was in no sense 
capable of operational installation. Further, 
the reading of frequency was done on bulky labo- 
ratory equipment, omitting the desirable step of 
employing a discriminator to produce a more 
useful D.l. output as a height change analog. 

The equipment was first connected to produce 
operation at the desired frequencj'- and load 
impedance, as described in the Procedure section. 
The F3,TH at the oscillator was somewhat better 
than that predicted by the antenna characteristic 
in Pig. 14 because of line attenuation. This 
improvement in V3WR made the oscillator slightly 
more stable and could have been used to permit a 
longer feeder installation if necessary. It was 
felt that the change was small enough to leave 
the pulling characteristic substantially 
unaffected . 
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The readings obtained for freqtuency as a 
function of heijht in this configuration and in 
others described belo'w are presented in Table VI. 
Tig. 21 indicates graphically the result obtained 
in this primary operatin’ configuration. The 
expected result was obtained, in that a periodic 
deviation of frequency about the center tuned 
value occurred. The amplitude of the swing 
decreased v/ith height, approaching the center 
tuned frequency, corresponding to free space 
conditions, asymptotically. 

It is of interest to compare the observed 
height-frequency relation v/ith the height- 
admittance relation measured on the antenna alone. 
The relevant figures are Pigs. 19 and 21. It is 
seen that the susceptive part of admittance 
changes and the height-frequency curve correspond 
directly in periodicity and zero deviation heights 
(from free space and center frequency conditions). 
A. comparison of Pigs. 17 and 20 indicates more 
clearly the reason for this correspondence . The 
maximum pulling of frequency occurs at those 
heights corresponding to the greatest phase angle 
displacement of the admittai.ce spiral from the 
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oscillator's center frequency contovir. 3ero 
f '•eq^^ency deviation occurs for coincidence of the 
admittance spiral anc the center freqaiency con- 
tour. In this particular case the frequency 
contours and susceptance lines on the Smith chart 
are nearl^^ parallel in the operating region. The 
conductance lines are nearly orthogonal to the 
frequency contours. Therefore the susceptance- 
height and frequency-hei ght relations coincide 
when the former is referred to the oscillator 
terminals. The conduc tance-height relation is, 
as seen in Pig. 19 > nearly 90 degrees out of 
phase with the frequency-hei ght curve of Pig. 21. 
In general it is neither input conductance nor 
input susceptance wnich determines the frequency- 
height relation. It is antenna input admittance 
taken as a whole and, in particular, that gener- 
ally undefined component of admittance referred 
to the oscillator and having changes perpendicular 
to the pulling contours which determines the 
frequency changes corresponding to height. 

It is felt that results are less valid near 
the top of the test range due to relative prox- 
imity of the huilding. Tde function passed 
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through center frequency at approximately quarter 
wave length intervals above tne ;roiond. The 
shape of the function was dictated largely by 
the pulling characteristic of the oscillator. It 
was by no means sinusoidal because of the con- 
cavity of the oscillator frequency contours 
tov/ard the low frequency side of the center value. 
Thus the output of such a system appears to be 
more useful (possibly exclusively useful) at the 
center frequency points. .Vhether these occur at 
small enough intervals to provide a reasonable 
data rate depends upon the desired application. 

The above results v/ere fo\md to be repeatable on 
different days to v/ithin the accuracy of plotting 
the data in the form of Fig. 21. 

In order to obtain a high-low indication of 
predetermined sense from a characteristic such 
as Pig. 21, it would be possible to consider only 
alternate center frequency points. In such a 
case a particular sense of frequency deviation 
would have a particular sense of height deviation. 
It is of interest to consider the height errors 
produced by the experimental system examined 
here for the several center frequency points 
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encoimtered. TaTole YII presents this information. 
Por a set of center frequencies corresponding to 
positive-going "on height" frequency readings, 
the magnitude and percentage errors are given in 
colvurins 2, 5, and 4. The lowest height of the 
set corresponding to center frequency is taken as 
correct "because, having the greatest frequency 
swing, it presents the least probable height un- 
certainty. Similarly, columns 5> 6, and 7 present 
the same information for a set of negative-going 
"on height" center frequencies. 

Tests of the frequency-height relationship 
were made in several different operating condi- 
tions. A fifty per cent reduction in power output 
was made by lowering the anode voltage of the 
oscillator until the Wave Analj'-ser indicated 
three decibels less relative pov/er. The result is 
presented in Pig. 22. The general shape of the 
function remains as in Pig. 21 with an amplitude 
of sv/ing only very slightly less. Center fre- 
quency points are altered by less than 0.02 wave 
lengths. The Rieke diagram of the oscillator at 
the new anode voltage was examined and found to 
have small changes in shape compared with Pig. 17. 



The slight differences in this characteristic 
account for the small changes in center frequency 
which are present in Fig. 22. In general the 
equipment seemed relatively insensitive to small 
power changes "because of the above results ob- 
tained at a power change of fifty per cent and 
the repeatability of all tests performed. 

The system v/as reset to operate at an 
oscillator-referred load admittance diametrically 
opposite in Pig. 17 to that of the first test. 



In this condition the value of 
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was approx- 
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imately the negative of that normally chosen. 
Stabilit^r of operation remains the same, but the 
effect of electrical feeder length change is to 
oppose the phase change due to the antenna 
admittance varying with height over the ground. 

The result of the test was as shorn in Pig. 23. 
Power output was the same as for normal operation 
in Pig. 21. A. comparison indicates that the 
expected reduced pulling occurred. The desira- 
bility of selecting an operating point in v/hich 
the feeder length effect is utilized is thus shov/n. 

The final test of the experimental system was 



made over a disruptive reflecting surface 
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consi3tin^ of five bundles of wooden fence stakes 
of various cut lengths averaging about 50.5 
inches. The result is presented as Pig. 24* It 
may be described as a repeat of Pig. 21 but with 
a zero height level at a virtual height of 49 «9 
inches (0.9 v/ave lengths) indicating that the 
stakes appe tred as nearly a plane reflector. The 
shape of the function appe .rs markedly more like 
a damped sinusoid than does th it of Pig. 21. This 
suggests that propagation considerations in this 
instance may have balanced the irregularity 
introduced by the oscillator pulling characteristic 
shape . 

As a further consideration it was desired to 
demonstrate the significance of the oscillator 
pulling characteristic in the operation of the 
system. One of the general Radio butterfly type 
unit oscillators was tested at a particular 
setting of its variable coupling loop. The Rieke 
diagram obtained is shovm in Pig. 25. Operation 
in the vicinity of the convergence of frequency 
contours was difficult, and the choice of that 
region for system operation was felt to be unwise 
due to inst abili t 3 ’’ and low power output. In 



other parts of tne dia-^raiu the oscillator was 
seen to he less susceptible to piilling than the 
experimental line oscillator used in this thesis. 
Frequency-height tests were made at positive 
slope operating points as indicated in Pig. 25 
(VSiF of 0.2, 0.3) where the greatest valaie of 



frequency change was obtained over the entire 
height range from 0.2 to 2.3 wave lengths. The 
importance of having an oscillator ivith fairly 
closely spaced frequency contours (the result of 
tight load coupling) is indicated. 




osc 



possible was anticipated. Wo readable 
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\s a result of the tests and analysis per- 
formed in this approach to low height determi- 
nation, certain stitements may he made regarding 
the practical realization of such a system. 

In early consider ition in system design is 
the choice of frequency. The amount of reflected 
energjj' returned to the antenna relative to the 
amount which is radiated appears to limit the 
useful height range of the system. Within such 
a height envelope, the niamher of useful center 
frequency points varies directly with the fre- 
quency of operation, since these occur at quarter 
wave length intervals. Center frequency ''on 
height" points do not define specific heights; 
hence they are ambiguous without furtner refine- 
ments. Procedures such as counting down from 
some k-i^own point determined by another height 
sensing input, or correlating the amplitude of 
the frequency shift to the known frequency-hei ght 
fimction of the system are possible methods of 
resolving the ambiguity. The advantage of sim- 
plicity may be lost if such methods are employed. 



'^lonsequently son e j'requenoy compromise will "be 
required which will ^:ive a sufficient number of 
"on heiyht" points without introd^^cing excessive 
ambiguity. The intended application, including 
required accuracy and flight path, will dictate 
this choice. 

Oscillator design should be the next consid- 
eration. The primary feature should be closely 
spaced frequency contours on the Heke diagram so 
that the oscillator can be pulled readily. Ad- 
justable coupling to the load is a good method of 
achieving flexibility at this stage, since the 
coupling is important in determii ing the spacing 
of the frequency contours. The power output of 
the oscillator should be fairly constant for a 
wide range of loads to permit more efficient 
operation, although this char ict eristic is not 
critical. Loose coupling to the indicating 
equipment should be provided so that the oscil- 
lator will not be loaded from this direction. 

Having designed an oscillator waich can be 
pulled, by an amount suitable for discrimination, 
v/ith fairly constant power output at high values 
of Y3,n, the antenna and installation may be 
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considered. The lesirable featurets of this are 

good directivity in the downward direction and a 

V3»TR at the operating frequencj^ of the order of 

0.7 or better. The latter may have to be reduced 

df 1 

if the oscillator’s pulling slope, > is too 

'^Josc 

small. The entire system will operate more 
efficiently'' if the YSvlR is kept high. 

The feeder, which is the most flexible item 
from a desi peer’s point of view, is determined 
last. The fractional half wave length portion of 
feeder is that length needed for matching the 
antenna and oscillator admittances at the desired 
freq_uency. The integral number of half wave 
lengths of feeder are determined by the limiting 
length for stable oscillation v/ithout splitting. 
How closely this unstable limit is approached will 
depend upon the need for magnifying the ^antenna 
admittance changes over ground to pull the oscil- 
lator adequately. In most cases the maxim'um 
allowable feeder effect v;ill be desirable. If 
installation limitations dictate a very short 
feeder, the augmenting of this by a suitable phase 
shifting lumped par maeter network at the appro- 
priate frequency may be considered. Tor 
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simplicity and reliability it might be more sat- 
isfactory to install some physically redundant 
cable if possible. 

The final required component would be the 
discriminating-indicating device. prime require- 
ment would be a low input power requirement, per- 
mitting loose coupling to the oscillator. The 
probable desired discriminator characteristic 
wouJ.d be zero output for center frequency operation 
of the oscillator with a positive D.l. output 
proportional to frequency deviations in one sense 
and a negative I).0. output proportional to fre- 
quency deviations in the opposite sense. Being 
determined by the oscillator frequency, the dis- 
criminator's output would therefore be analogous 
to the vehicle's height condition. Iny of the 
discriminators commonly employed in radar appli- 
cations might be considered. The choice of 
resonant cavity methods of frequency comparison 
as in Poiuid discriminators or tuned lumped circuit 
comparison as in Weiss discriminators may be 
dictated by the operating frequency selected. The 
design and testing of a suitable discriminator were 
not within the intended scope of this thesis. 
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If the radio frequency ener;jy of -m osoillator 
is radiated from an antenna a.nd directed tow nd 
a reflecting surface, it has "been shorn that the 
oscillator’s frequency ma^;" be related to the dis- 
tance between the antei na md the surface; pro- 
viding that distance is not too great, '^his is 
the most important result of these investigations. 
The relationship observed is a periodic variation 
of frequency with height about a center tuned 
frequency’’. Zero deviation from the center fre- 
quency occurs at quarter wave length height inter- 
vals above ground and the magnitude of the devia- 
tion decreases with increasing height. The center 
frequency is approached asymptotically, but the 
effect is expected to be of little use above the 
height range tested. It has been established 
experimentally that the above result, held ini- 
tially to be theoretically possible, is a primary 
effect when the distance involved is small enough 
for significant antenna admittance changes to 
occur. 

In estiblishing this result it has been 
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observed that ^jeriodic chanjes in the r'^'al and 



imaginary g ivts of antenna adnittance take place 
as a function of sepa'cation between the antenna 
and a reflecting surface. The quality and 
character of reflection has been shown to be non- 
critical for this effect, providin; sufficient 
energy is returned to the antenna. That is, the 
nature of the fimction relating admittance to 
height appears r^l atively inde pendent of the 
reflecting surface. \ direct correspondence was 
observed between the hei ;ht-fraquency relation of 
the first conclusion me. the imaginary (susceptive) 
part of the height-admittance relation when 
referred to the oscillator t>.rminals. 

Tne feeder cable employed in connecting the 
oscillator -and antenna may be used as a xahase 
shifting device, effectively magnif^ring any phase 
changes occurrii-ag at the antenaa. This effect is 
dependent on the length of cable and on the admit- 
tance match achieved bet-.'een the antenna and 
oscillator . 

In oscillator deliverij-ig energy to a lo !.d has 
its frequency and power outxmt partially determined 
by that lo .d ( in.cludin " the means of couplinj), as 
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well as ry the oiDillitin^ cirouit parameters 
themselves. mhi 3 effect, established at the 
outset by theoretical considei’ xti^ns , has been 
shown experiment illy to be of priotical value in 
obtaining a prediotfole relationship between 
antenna idmittanoe and oscillator freiuency. 
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\PPENDIX I 

INPUT iiUI/ITTANOE OP THE HA.LF //WE DIPOLE 
OVEH A PL\NE HEPLEOTIND 3LDIPA0E 

The antenna and reflecting surface may, as 
explained in the hody of the report, he considered 
as an antenna and its image in free space. Such 
a system is a two-port network in which the feed 
point of the antenna is port 1 and the feed point 
of the image is port 2. The theory of linear 
two-ports may he applied (Ref. 5): 



The subscripts 1 and 2 refer to the respective 
ports. In this case of passive elements, 
reciprocity applies giving 



The requirement for zero tangential electric 
vector at the reflecting surface is met if 



®1 ■ ^ 11^1 ^ 12^2 



(3) 



®2 " ^ 21^1 ^ 22^2 



(4) 



^1 ^ ^ 11®1 ^ 12®2 



(5) 



^2 ^ ^ 21 ®! ^ 22®2 



( 6 ) 



^12 - ^21 ’ ^12 “ ^21 



(7) 




( 3 ) 
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and 




(9) 



Under these conditions (3) and (5) may he solved 
to obtain the input admittance and impedance of 
the antenna: 



The mutual impedance coefficient, ^^. 2 * been 

calculated (Refs. 6 and 7) for various separations 
of antenna and ima^^e up to three wave lengths. 

The calculations are made on the assumption of 
sinusoidal current distribution, which is valid 
for infinitely thin half wave antennas, in which 
second and higher order mutual effects do not 
occur. 

The self impedance coefficient, is the 

limit of as the separation tends to zero, so 

that the input impedance, z, is zero v;ith the 
antenna on the grovind. The value of z^^ is 
73.3 + j42.2 ohms. 

To obtain y ^2 from z^ 2 > f^e linear two-port 
equations (3) through (6) may be combined to give: 




( 10 ) 




( 11 ) 
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-z 



12 



^12 - Zi 2^21 



( 12 ) 



In this case since Z 2 q_ = reciprocity, and 

^22 “ ^11 symmetry: 



-z 



^12 = 



12 



^11 ~ ^12 



(13) 
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12 



or in terms of real and imaginary components: 
^ 12^^1 ■^^12 "^12 "^ l " ^ ^ 12 ^^^ 1 ^ l ”^^ 12 ^ 12 ^ 



^^1 ■^^12 "■^12 "^l ^ ■*■ ^"^^ l ^ l ”^^ 12 ^ 12 ^ 
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^12^^^12^12"^Vl^ ^12^^1^‘^^12^”^12^"^1^^ 

^2 — • ( 15 ) 






The reciprocal of z^^ taken directly yields y]_j^» 



the self impedance of this ideal antenna, as 
10.25-j5.90 millirohos. 

Values of input admittance, y, were calcu- 
lated according to equations (11), (14), and (15) 
from the values of mutual impedance obtained from 
the literature to which reference has been made. 
The range of heights considered began at 0.15 
since experimental measurements v/ere not made 
below that height. A.t lower heights the antenna 
theories applied become less valid because of 
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the increasing importance of radial field com- 
ponents. These vary as the inverse square of 
distance from the antenna and are therefore 
usually ignored beyond distances of the order of 
one-fourth wave length. The transverse radiation 
fields on which antenna theory is developed vary 
Inversely with distance and are predominant at 
distances greater than about one-sixth of a wave 
length. Mutual impedances for heights greater 
than 1.5 v/ave lengths were not obtained. It is 
felt that this range of heights is sufficient to 
show the nature of the theoretical admittance- 
height relationship. The results of these 
computations of input admittance are presented 
as Fig. 2. 
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AJPEroiX II 



THE EPPEOT OP LO\D ON OS'IILLATOr^ FREQUENCY 



The oscillator v/ith coupled load may be 
regarded as a simple RLC parallel resonating cir- 
cuit with a load, having resistive and reactive 
components, connected across it. The resonating 
circuit represents the more complicated combi- 
nation of components producing resonant oscil- 
lations in the tuned line push-pull oscillator 
with artificially introduced feedback used in 
these tests. The load in this case is the equiv- 
alent of the varying complex impedance of the 
antenna, the phase shift and attenuation of the 
feeder cable, and the coupling capacitor used to 
connect the load to the oscillating circuit. 

Thus the reactive component of load will consist 
of capacitance and may have inductance as well, 
depending upon the chosen line length, height 
of the antenna above ground, and the frequency of 
oscillation. Pig. 26a is a diagram of the 
arrangement described. Pig. 26b is the equivalent 
combination of parallel load components. The 



reactive branch of the load. 







is 



im 



L 



I 



seen in Fig. 26b to form, with the L and C 
branches, a third frequency dependent branch of 
the resonator. Thus the oscillating frequency 
depends on the values of all the components of 
the load, both resistive and reactive. The 



equivalent load resistance, 



1 



also 



depends on all the components of the load. There- 
fore the pov/er output which depends on the 
resistive part of the equivalent load, is deter- 
mined by the particular combination of load and 
coupling chosen. 

In the case of a high frequency oscillator, 
where many different load variables affect the 
power output and frequency, it is useful and con- 
venient to depict the output characteristics of 
the oscillator in the form of a Rieke diagram for 
representative conditions of the controllable 
load variables. This approach permits the logical 
separation of the effects of controlled and uncon- 
trolled load conditions. The latter are allowed 
to vary over their entire range for each diagram 
which represents a fixed setting of the controlled 
conditions, such as coupling, line length, and 
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setting of tuning controls. 

The Rieke diagram consists of lines or con- 
tours of constant frequency and of constant power 
output as functions of load, usually drawn on 
Smith chart coordinates. The desirable feature 
is that such contours he without intersections 
so that continuous changes of load will produce 
continuous changes of frequency. In order for 
each value of complex load to permit oscillation 
at a single frequency, the total susceptance of 
the equivalent circuit of Pig. 26h must he zero 
at only one frequency for each value of load 
conductance and susceptance imposed. The sus- 
ceptance of the entire equivalent load branch is 




which is proportional to X-r times a positive 

ll 

number, and so must pass from negative to positive 
values through resonance with increasing frequency. 
The oscillator branches L and C combine in 
parallel to produce a net susceptance passing from 
positive to negative values throush resonance. If 
the oscillator and load susceptances combined are 
to be zero at a single resonant frequency, the 
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load susoeptance must be kept relatively small 
in the neighborhood of resonance, whether or not 
their separate resonant frequencies are exactly 
identical. Inspection of (16) indicates that 
this will be the case if is kept sufficiently 
large and the coupling and reactive components 
of the load are sufficiently small. The magni- 
tudes which are sufficient depend on the sharpness 
of resonance of the oscillator tuned circuit. 
Critical combinations of the load parameters 
which would result in large contributions of load 
susceptance at frequencies just off oscillator 
resonance must be avoided. 
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XPPEN^IX III 



03C!ILL\T0'i D^'IIGN C \LC!UL\TIONS 



. kxiode Lines 

a. Length and timing 

Specified output capacity of tube: 1.6 pf. 

For zero adjustable capacitance added, a 
frequency of 215 megacycles results in capac- 
itive reactance of 465 ohms. The corresponding 
line length to resonate with this by producing 
an equal inductive reactance depends on the 
short-circuited transmission line formula: 

The characteristic impedance of the intended 
rectangular cross section transmission lines 
of depth to spacing ratio of xmity v/as deter- 
mined from published transmission line data 
to be 180 ohms. Solving (17) for 1 at 
resonance at 215 megacycles gave 

1 = 0.267 meters. (18) 

To tune for a lo7/er frequency it was 
arranged to introduce a parallel capacitive 
disc with a circular area one-half inch in 
diameter and minimum practical spacing from 








I 




the opposite conductor of inch. For 
dimensions in inches; 



C = .224 -T X 10 



-12 



( 20 ) 



or a maximum adjustable capacitance of 1.4 pf. 

The 26.7 centimeter line has a reactance 
of 292 ohms at 181 megacycles by (17). Since 
the total capacitance of 3.0 pf. has an equal 
and opposite reactance at this frequency, 181 
megacycles is the lowest tunable frequency 
for this line and capacitor combination, 
b. O^aality factor Q 

The quality factor is given by (Ref. 8) 



Q = 



TT 

XCx 



( 21 ) 



O 

where (X^ ^ this case being resistance 

per unit length of line. Taking the material 
to be copper and a depth of ^ inch in the 
formxila for resistance 



R = 4r 



a surf ac e a >| 



TTf-M 



( 22 ) 



gives R = 0.532 ohms per meter and Q = 1295 
in (21) at 200 megacycles. 
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2. Grid Lines 

a. Length and timing 

Specified input capacity of tube: 4»4 pf« 

(Vith line of depth inch and depth to 

spacing ratio of 0.5 » published data gives 

z = 250 ohms. Such a short circuited line 
o 

will resonate at 215 megacycles with the 
specified input capacitance if, by (17), it 
is 13«3 centimeters long. 

An adjustable circular disc capacitor 
similar to that in part 1 will give a maxi- 
mum total capacitance on the tube input side 
of 5*8 pf. The corresponding resonant fre- 
quency for a 15.3 centimeter line is 189 
megacycles, giving the tuning range of the 
grid lines as 189 to 215 megacycles. 

b. Quality factor Q 

By (22) R for the grid lines is 0.291 
ohms per meter. By (21) the corresponding Q 
is 3590 at 200 megacycles. 
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APPENDIX 17 



PEEPER LENOTH CALCULATIONS 



\s an illustration, the calculation pro- 
cedure for positive pulling slope operation at 
212.5 megacycles is explained. The reciprocal 
rate of change of phase on the cable with fre- 
quency is inversely proportional to cable length. 
Prom ( 2 ) : 



This quantity must be at least as large as the 
corresponding rate of change of frequency of the 
oscillator with load phase presented, to allow 
stable oscillator operation as discussed under 
Theory. The measured oscillator pulling rate 
from Pig. 18 is 2.5 megacycles per radian. 
Therefore: 




df 



^cable 

2xt1 



(23) 



(24) 



4. 6tt X 10 



Since 




(25) 



for Uniradio 67 cable c = 1.93 x 10® meters per 



second. The limiting length is, by (24), 13.7 



meters. .fithin this length, an integral number 
of half wave lengths plus a fractional half wave 
length sufficient to match antenna and oscillator 
load impedance must he included. 

A.S a practical consideration, a length of 
adjustable air line was also included to permit 
precise adjustment of the antenna-oscillator 
match. The cable was actually cut to 30 feet 
(9«16 meters) to permit tests at other, less 
stable, oscillator operating conditions, and to 
provide a conservative margin of design flexi- 
bility at the desired operating point. 
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TABLE I 



Antenna Admittance In Free Space 



Date of Test; S'Oi December 1961 



f 


G 


B 


Correction 


megacycles 






fractional 

c 


180 


+ 0,69 


+2.60 


0.130 


185 


11.9 


-1.30 


0.134 


190 


6.10 


-4.82 


0.138 


195 


1.56 


-3.02 


0.141 


200 


0.68 


-1.60 


0.145 


205 


0.47 


-0.89 


0.148 


210 


0.55 


-0.30 


0.152 


215 


0.92 


+0.19 


0.156 


220 


1.85 


-0.12 


0.159 


225 


1.38 


-1.23 


O.I63 


250 


0.52 


-1.03 


0.167 


235 


0.31 


-0.73 


0.170 


240 


0.19 


-0.43 


0.174 



Notei Measurements are referred to antenna panel 
connector. 

Corrections applied "toward load" to obtain 
reference to antenna tap i>olnt. 




I 



TABLE II 



Oscillator Rleke Diagram 
Date of Test; 28th January 1^62 . 



Center R?equency: 207 megacycles 
Anode Voltage: 120 V. Coupling: Medium (One turn) 



f 


stub 

length 


line 

extension 


relative 

power 


G 


B 


megacycles 


cm 


cm 


dB 






204 


14.6 


68.8 


- 6.0 


+3.28 


+0.04 


204 


14.6 


70.8 


-15.0 


3.16 


-0.92 


205 


14.6 


62.5 


- 1.5 


2.22 


+1.45 


205 


18.0 


62.2 


- 2.0 


2.14 


0.72 


205 


18.0 


71.3 


-11.5 


1.99 


-0.91 


206 


14.6 


56.4 


- 0.5 


1.04 


+1.34 


206 


18.0 


73.2 


-10.5 


1.60 


-1.06 


206 


18.0 


55.0 


- 0.5 


1.25 


+1.03 


206 


21.4 


55.9 


“ 1.5 


1.45 


0.69 


206 


21.4 


70.0 


- 6.5 


1.66 


-0.62 


206 


24.5 


65.0 


- 3.5 


1.63 


-0.18 


206 


24.5 


61.1 


- 3.5 


1.65 


+0.14 


207 


14.6 


3.0 


-14.0 


1.4o 


-1.53 


207 


14.6 


50.8 


- 0.5 


0.69 


+1.03 


207 


18.0 


48.7 


- 1.0 


0.80 


0.83 


207 


18.0 


3.8 


- 7.0 


1.18 


-1.05 


207 


21.4 


49.3 


0 


1.03 


+0.70 


207 


24.5 


47.1 


- 1.5 


1.02 


0.51 


207 


24.5 


0.0 


“ 5.5 


1.30 


-0.53 


207 


27.8 


42.6 


- 0.5 


0.95 


+0.30 


207 


30.4 


35.0 


- 2.5 


0.88 


0.15 


207 


30.4 


3.1 


- 2.0 


1.05 


-0.22 


207 


35.5 


9.1 


0 


1.01 


+0.03 



TABLE II (Cont.) 



f 


stub 

leiigth 


line 

extension 


relative 

power 


G 


B 


megacycles 


cm 


cm 


dB 






208 


14.6 


4.6 


-7.5 


+1.11 


-1.38 


208 


14.6 


45.4 


-1.0 


0.47 


+0.71 


208 


18.0 


42.1 


-1.0 


0.55 


0.55 


208 


18.0 


8.0 


-4.5 


0.82 


-0.83 


208 


21.4 


6.7 


-4.0 


0.92 


-0.65 


208 


21.4 


4o.O 


+1.5 


0.65 


+0.44 


208 


24.5 


36.2 


+1.0 


0.69 


0.50 


208 


24.5 


9.1 


-5.5 


0.84 


-0.43 


208 


27.8 


24.3 


-0.5 


0.71 


0 


209 


14.6 


7.5 


-5.0 


0.77 


-1.13 


209 


14.6 


58.5 


-2.0 


0.28 


+0.47 


209 


18.0 


55.5 


-0.5 


0.44 


0.30 


209 


18.0 


20.0 


-5.5 


0.43 


-0.28 


209 


21.4 


25.5 


+0.5 


0.51 


-0.08 


209 


21.4 


21.5 


0 


0.52 


-0.15 


210 


14.6 


11.9 


-4.0 


0.54 


-0.77 


210 


14.6 


52.5 


-2.0 


0.31 


+0.15 



TABLE III 



Oscillator Rleke Diagram 

Date of Test; 7th February 1962 
Center Frequency: 210 megacycles. Anode Voltage: 120 V. 





(1) 


Loose Coupling 




f 


stub 

length 


line 

extension 


G 


B 


megacycles 


cm 


cm 






207 


11.0 


2.4 


+1.68 


-2.18 


207 


14.6 


2.2 


1.42 


-1.50 


208 


11.0 


0 


2.70 


-2.38 


208 


14.6 


70.5 


2.18 


-1.51 


208 


18.0 


70.6 


1.69 


-1.04 


209 


11.0 


69.0 


4.55 


-1.56 


209 


14.6 


66.3 


5.58 


-0.42 


209 


18.0 


65.5 


2.43 


-0.44 


209 


21.4 


65.5 


1.89 


-0.38 


209 


24.5 


76.8 


0.94 


-0.51 


210 


11.0 


65.8 


4.55 


+1.30 


210 


14.6 


62.6 


2.95 


1 .10 


210 


18.0 


60.4 


2.35 


0.67 


210 


21.4 


58.4 


1.83 


0.47 


210 


24.5 


59.1 


1.68 


0.10 


211 


11.0 


62.4 


2.42 


2.38 


211 


14.6 


58.2 


1.75 


1.54 


211 


18.0 


54.9 


1.43 


1.10 


211 


21.4 


50.9 


1.19 


0.75 


212 


11.0 


57.5 


0.97 


1.75 


212 


14.6 


51.6 


0.78 


1.14 


212 


18.0 


49.6 


0.89 


0.92 


212 


21.4 


44.1 


0.79 


0.60 


212 


24.5 


59.5 


0.77 


0.42 



TABLE III (Cont.) 



(li) Mediiam Coupling 


f 


stub 

length 


line 

extension 


G 


B 


megacycles 


cm 


cm 






207 


11.0 


15.2 


+0.35 


-0.81 


207 


14.6 


13.3 


0.48 


-0.73 


207 


l 8 .o 


14.2 


0.54 


-0.54 


208 


11.0 


15.4 


0.40 


-0.93 


208 


14.6 


11.0 


0.57 


-0.87 


208 


l 8.0 


10.2 


0.67 


-0.72 


208 


21.4 


10.9 


0.72 


-0.52 


209 


11.0 


11.6 


0.47 


-1.07 


209 


l4.6 


8.5 


0.71 


-1.06 


209 


18.0 


6.6 


0.87 


-0.89 


209 


21.4 


5.1 


0.98 


- 0.68 


209 


24,5 


5.7 


0.92 


-0.50 


210 


11.0 


9.7 


0.56 


-1.25 


210 


14.6 


6.0 


0.89 


- 1.22 


210 


18.0 


3.0 


1.18 


- 1.02 


210 


21.4 


0 


1.56 


-0.73 


210 


24.5 


70.5 


1.27 


-0.53 


211 


11.0 


7.5 


0.75 


-1.50 


211 


14.6 


3.2 


1.25 


-1.45 


211 


18.0 


70.3 


1.77 


- 1.02 


211 


21.4 


66.7 


1.79 


-0.51 


211 


24.5 


63.7 


1.64 


-0.24 


212 


11.0 


5.2 


1.04 


-1.78 


212 


14.6 


69.8 


2.39 


-1.44 


212 


l 8.0 


64.8 


2.50 


-0.28 


212 


21.4 


59.1 


1.89 


+0.58 



TABLE III (Cont.) 



(iii) Ti^t Coupllns 


f 


stub 

leiigth 


line 

extension 


G 


B 


megacycles 


cm 


cm 






207 


11.0 


15.6 


+0.54 


-C.78 


207 


14.6 


14.1 


0.46 


-0.68 


207 


18.0 


16.5 


0.49 


-0.44 


208 


11.0 


14.1 


0.38 


-0.88 


208 


l4.6 


11.6 


0.55 


-0.84 


208 


18.0 


11.5 


0.65 


-0.67 


209 


11.0 


12.1 


0.45 


-1.04 


209 


14.6 


9.5 


0.66 


-0.99 


209 


18.0 


7.8 


0.80 


-0.84 


209 


21.4 


7.2 


0.87 


—0 . 64 


209 


24.5 


9.0 


0.80 


-0.43 


210 


11.0 


10.5 


0.55 


-1.20 


210 


14.6 


7.0 


0.82 


-1.16 


210 


21.4 


2.0 


1.19 


-0.74 


210 


24.5 


1.0 


1.16 


-0.55 


211 


11.0 


8.5 


0.68 


-1.4o 


211 


14.6 


4.5 


1.10 


-1.55 


211 


18.0 


0.2 


1.55 


-1.06 


211 


21.4 


68.7 


1.62 


-0.63 


211 


24.5 


65.7 


1.55 


-0.37 


212 


14.6 


71.7 


1.85 


-1.56 


212 


21.4 


62.5 


1.98 


-0.03 


212 


24.5 


57.8 


1.65 


+0.22 



TABLE IV 



Oscillator Rleke Dlafirajn 
Date of Test; l4th February 1962 , 



Center Frequency: 212.5 megacycles 

Anode Voltage: 120 V. Cov5>ling Medium: (One turn) 



f 


stub 

length 


line 

extension 


relative 

power 


G 


B 


megacycles 


cm 


cm 


dB 






211 


24.5 


15.4 


-10.0 


+0.67 


-0.22 


211 


24.5 


5.5 


- 5.0 


0.95 


-0.44 


211.5 


24.5 


18.4 


- 9.0 


0.64 


-0.14 


211.5 


24.5 


71.5 


- 1.0 


1.15 


-0.51 


211.5 


27.8 


7.5 


- 6.0 


0.89 


-0.27 


211.5 


27.8 


5.2 


- 5.0 


1.01 


-0.50 


212 


24.5 


21.5 


- 7.0 


0.65 


-0.05 


212 


24.5 


67.1 


- 1.0 


1.56 


-0.45 


212 


27.8 


17.8 


- 6.0 


0.75 


-O.o9 


212 


27.8 


66.0 


- 1.0 


1.22 


-0.26 


212 


50.4 


17.0 


- 4.0 


0.86 


-0.04 


212 


50.4 


65.2 


- 1.0 


1.14 


-0.15 


212.5 


24.5 


24.8 


- 6.0 


0.62 


+0.04 


212.5 


24.5 


65.4 


- 1.0 


1.55 


-0.51 


212.5 


27.8 


24.0 


- 5.0 


0.74 


+0.05 


212.5 


27.8 


58.9 


- 1.0 


1.56 


-0.04 


212.5 


50.4 


26.6 


- 5.0 


0.85 


+0.09 


212.5 


50.4 . 


55.5 


- 2.0 


1.20 


0.00 


215 


24.5 


28.9 


- 5.0 


0.64 


0.15 


215 


24.5 


57.9 


- 1.0 


1.60 


0.06 


215 


27.8 


50.0 


- 4.0 


0.78 


0.15 


215 


27.8 


50.1 


- 2.0 


1.25 


0.24 


21^5 


24.5 


57.0 


- 5.0 


0.75 


0.56 


215.5 


24.5 


52.4 


- 2.0 


1.42 


0.58 
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TABIE V 



Antenna Admittance over Ground 
Date of Testt 2nd March 1962 



Generator Frequency: 212.5 negacycles 



h 

inches 


h 

X 


G 


B 


h 

inches 


h 

X 


G 


B 


10 


0.18 


+0.600 


0 


75 


1.31 


+0.835 


+0.170 


15 


0.25 


0.625 


+0.140 


76 


1.57 


0.855 


0.175 


16 


0.29 


0.700 


0.250 


79 


1.42 


0.915 


0.175 


19 


0.54 


0.800 


0.350 


82 


1.48 


0.955 


0.l40 


22 


0.40 


0.990 


0.350 


85 


1.55 


0.940 


0.110 


25 


0.45 


1.152 


0.198 


88 


1.58 


0.915 


0.075 


28 


0.50 


1.110 


0 


91 


1.64 


0 .86c 


0.070 


51 


0.56 


0.940 


-0.050 


94 


1.69 


0.855 


0.080 


54 


0.61 


0.840 


-0.010 


97 


1.74 


0.83c 


0.090 


yi 


0.66 


0.800 


+0.050 


100 


1.80 


0.8^10 


0.105 


4o 


0.72 


0.785 


0.110 


103 


1.85 


0.8^!^0 


0.115 


45 


0.77 


0.800 


0.150 


106 


1.91 


0.850 


0.125 


46 


0.85 


0.830 


0.185 


109 


1.96 


0.865 


0.115 


49 


0.88 


0.885 


0.200 


112 


2.02 


0.885 


0.110 


52 


0.94 


0.945 


0.190 


115 


2.07 


0.860 


0.085 


55 


0.99 


0.985 


0.120 


118 


2.12 


0.850 


0.080 


58 


1.04 


0.940 


0.050 


121 


2.18 


0.8^K3 


0.095 


61 


1.10 


0.860 


0.045 


124 


2.23 


0.835 


0.105 


64 


1.15 


0.830 


0.065 


127 


2.28 


0.840 


0.115 


67 

70 


1.20 

1.26 


0.810 

0.810 


0.100 

0.140 


130 


2.34 


0.860 


0.130 



Note I Admittances are referred to oscillator output terminals 
for 212.5 megacycles operation. 




TABLE VI 



Systeg Performance - Frequency as a Function of Height 



Date of: Test 1, 
Test 2, 
Test j). 
Test 4, 



Normal Operation, 2nd March 1962 
Half Povjer, 22nd March 1962 
Negative Slope, 6th March 1962 
Disruptive Siur-face, 12th March 1962 





Test No. 


1 


2 


3 


4 


h 




f 


f 


f 


f 


inches 




rac/s 


nic/s 


mc/s 


mc/s 


10 


0.l80 


210.48 


210.74 


213.28 




15 


0.2:54 


212.98 


210.48 


213.03 




16 


0.288 


213.36 


212.98 


212.82 




19 


0.342 


213.40 


213.23 


212.60 




22 


0.396 


213.19 


213.28 


212.39 




25 


0.450 


212.48 


213.14 


212.18 




26 


0.505 


212.48 


212.90 


212.27 




31 


0.558 


211.93 


212.52 


212.64 




34 


0.612 


211.29 


212.05 


212.77 




37 


0.667 


210.96 


211.58 


212.82 




40 


0.722 


211.29 


211.04 


212.77 




43 


0.775 


212.68 


212.35 


212.73 




46 


0.826 


212.90 


212.68 


212.60 




49 


0.883 


212.90 


212.82 


212.52 




52 


0.938 


212.82 


212.86 


212.48 




55 


0.991 


212.60 


212.77 


212.43 




58 


1.045 


212.31 


212.56 


212.56 


210.78 


6l 


1.100 


211.97 


212.18 


212.68 


209.00 


64 


1.155 


211.37 


211.84 


212.73 


213.53 


67 


1.210 


212.27 


212.01 


212.73 


213.57 


70 


1.260 


212.56 


212.43 


212.68 


213.53 


73 


1.315 


212.77 


212.64 


212.60 


213.40 


76 


1.370 


212.82 


212.73 


212.56 


213.03 


79 


1.425 


212.86 


212.77 


212.48 


212.73 




I 



TABLE VlfCont.) 





Test No. 


1 


2 


3 


4 


h 

Inches 




f 

Ec/s 


f 

rac/s 


f 

rac/s 


f 

rac/s 


82 

85 

88 

91 

94 

97 

100 

103 

106 

109 

112 

115 

118 

121 

124 

127 

130 


1.480 

1.530 

1.585 

1.640 

1.695 

1.750 

1.800 

1.860 

1.910 

1.965 

2.020 

2.070 

2120 

2.180 

2.240 

2.290 

2.340 


212.73 

212.56 

212.43 

212.35 

212.39 

212.48 

212.60 

212.68 

212.68 

212.60 

212.52 

212.43 

212.43 

212.52 

212.56 

212.64 

212.73 


212.68 

212.60 

212.43 

212.35 

212.31 

212.43 

212.52 

212.60 

212.64 

212.60 

212.52 

212.48 

212.39 

212.43 

212.52 

212.60 

212.64 


212.48 

212.56 

212.64 

212.68 

212.73 

212.73 

212.68 

212.64 

212.60 

212.60 

212.60 

212.64 

212.68 

212.73 

212.73 

212.73 

212 .^ 


212.56 

212.56 

212.82 

213.07 

213.19 

213.23 

213.15 

212.98 

212.94 

212.86 

212.90 

212.98 

213.03 

213.11 

213.11 

213.03 

213.03 



TABEJE VII 

Center Frequency Keiglats and Errors 
Date of Test: 2nd March 1962 







error 


error 




error 


error 




frequency 

increasing 


percent 


inches 


frequency 

decreasing 


percent 


inches 


0.20 


0 












0.49 








0 






0.76 


0.56 


12.0 


3.34 








1.02 

1.23 


1.03 


3.0 


1.67 


0.53 


6.0 


1.67 


1.56 

1.76 


1.56 


4.0 


3.33 


1.07 


7.0 


3.89 


2.02 

2.19 


1.99 


0.5 


0.55 


1.53 


2.0 


1.67 



Note: EriHsi’s were determined relative to heights derived 

from an eicpected height increment of 0.5 X , 27.8 
inches at center frequency 212.5 megacycles per 
second. 
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Figure 4 Rear Internal View of Antenna 







Figures Antenna: Radiating Face 






Figure 6 

Oscillator Schematic 
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Figure lO G. R. Admittance Meter and Variable Test Load 







Figure II 

Antenna and Suspension Rig 
as Viewed from the Ground 





Figure 12 Suspended Antenna and Cable 
Viewed from Above 
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Figure 26 

Simple Loaded Oscillator 
and Eguivaicnt Circuit 
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